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ABSTRACT 


This  report  documents  results  from  an  experimental  program  involving  the  impact 
of  gun-launched  multiple  fragments  (i.e.,  a  fragment  beam)  on  plate  array  targets. 
Experiments  were  designed  to  study  changes  in  target  damage  caused  by  different 
degrees  of  fragment  interaction  and  by  differences  in  the  internal  configuration  of  the 
target. 

Results  show  that  the  transition  from  Mode  1  (blast-like)  to  Mode  2  (penetration) 
damage  is  a  gradual  process.  Within  the  transition  region,  methods  used  to  identify  the 
damage  mode  (e.g.,  the  kind  of  damage  experienced  by  interior  target  elements,  the 
degree  of  fragmentation,  and  debris  cloud  momentum  trends)  are  unreliable.  For  the 
test  configurations  studied,  impacts  below  1.8  kilometers  per  second  (km/s)  resulted 
only  in  Mode  2  damage,  while  impacts  above  2.2  km/s  resulted  in  Mode  1  damage 
provided  that  the  distance  between  impacting  fragments  was  sufficiently  small. 


INTRODUCTION 


Making  damage  predictions  for  complex  compartmented  aircraft  structures 
impacted  by  high-speed  multiple  fragments  (a  fragment  beam)  can  be  very  difficult. 
Consequently,  the  problem  has  been  approached  in  a  stepwise  fashion  by  first 
conducting  small-scale  experiments  using  gun-launched  fragment  systems  against 
simple  plate-array  targets  (Reference  1).  The  results  of  these  laboratory  tests  against 
simplified  targets  enabled  investigators  to  identify  basic  damage  mechanisms  as  well  as 
the  damage  modes  and  the  extent  of  damage  to  each.  This  information  provided  a  basis 
upon  which  to  formulate  a  simple  preliminary  model  for  predicting  damage  to  more 
complex  structures  (Reference  2). 

The  preliminary  model  uses  a  generalized  curve  of  experimental  values  to  define 
residual  fragment  beam/target  debris  momentum  as  a  function  of  depth  into  the  target. 
The  derivative  of  this  residual  curve  is  then  determined  in  order  to  identify  locations 
where  damage  potential  will  be  the  greatest.  This  results  in  an  expenditure  curve 
showing  where  the  momentum  is  actually  transferred  to  the  target. 
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Before  a  momentum  transfer  function  for  an  unknown  structure  can  be  determined, 
it  is  necessary  to  estimate  the  maximum  invasion  depth  (i.e.,  the  effective  depth  of 
collective,  interacting  impacts)  into  the  target.  To  establish  a  method  for  making  this 
estimate,  data  from  small-scale  impacts  were  analyzed  using  dimensional  analysis 
techniques  (Reference  3).  This  resulted  in  a  nondimensional  impact  parameter 
consisting  of  relevant  fragment  beam  and  target  variables.  The  invasion  depths  were 
then  plotted  as  a  function  of  this  impact  parameter.  These  plate  array  data  tended  to 
group  into  two  linear  functions,  depending  on  the  primary  type  of  damage  displayed  by 
the  target  elements  (Figure  1). 

The  fragments  impacting  at  high  speeds  (2.2  kilometers  per  second  (km/s)) 
suffered  severe  breakup.  These  particles  were  joined  by  finely  divided  target  material 
that  became  entrained  in  the  fragment  beam.  This  applied  a  distributed  load  to  the  target 
elements,  which  resulted  in  extensive  blast-like  rupture  damage. 

At  lower  speeds  (below  approximately  1.7  km/s),  fragment  shatter  was  not 
significant,  and  the  amount  of  entrained  target  material  was  sharply  reduced.  These 
changes  in  the  character  of  the  residual  fragment  cloud  were  accompanied  by  a 
proportionate  increase  in  perforation  damage  and  a  corresponding  reduction  in  blast-like 
rupture  damage.  In  Figure  1,  these  two  major  damage  modes  are  labeled  Mode  1  and 
Mode  2,  respectively. 

At  high-impact  speeds,  fragment  cloud  momentum  curves  have  an  initial  plateau 
and  distinctive  rounded  appearance  over  a  wide  range  of  target  and  impact  conditions 
(Figure  2).  This  appearance  is  attributed  to  several  factors,  including  large  initial 
impact-splash  momentum  values  associated  with  high-speed  cratering  processes.  Also, 
the  large  amount  of  finely  divided  target  material  entrained  in  the  residual  fragment 
cloud  as  well  as  differences  in  fragment  breakup  rates,  reduces  the  decay  rate  initially 
and  then  allows  a  gradual  "tailing  off'  of  the  profile  at  the  terminal  end. 

As  impact  speeds  are  reduced,  the  momentum  curve  gradually  straightens  out  and 
begins  to  resemble  the  corresponding  fragment  speed  profile.  At  speeds  well  below  the 
shatter  threshold,  the  shapes  of  the  momentum  and  speed  profiles  are  virtually  identical. 

From  the  results  obtained  to  date,  it  appears  that  there  is  a  close  correspondence 
between  the  type  of  damage  seen  in  the  target  and  the  shape  of  the  debris  momentum 
profile.  A  rounded  momentum  curve  indicates  blast-like  damage,  while  one  with  an 
ever-increasing  rate  of  decline  (especially  near  the  terminal  end)  indicates  a 
predominance  of  perforation  damage.  There  also  appears  to  be  a  similar  correspondence 
between  damage  mode  and  impact  velocity;  i.e.,  lower  impact  velocities  are  associated 
with  perforation  (Mode  2)  damage,  while  higher  ones  are  associated  with  blast-like 
(Mode  1)  effects. 
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FIGURE  2.  Velocity  Influence  on  the  Momentum  Profile  (From  Reference  2). 


There  are  impact  situations,  however,  where  these  simple  correspondences  may 
not  hold.  One  possible  example  would  involve  a  high-velocity  impact  of  a  very  sparsely 
populated  fragment  beam  or  a  beam  impacting  over  a  very  wide  area  A  second  example 
would  involve  the  impact  of  a  target  structure  consisting  of  a  few  very  thick  elements 
rather  than  numerous  thin  ones.  Both  of  these  examples  involve  the  possibility  of 
changing  the  damage  mode  (i.e.,  from  blast-like  damage  to  penetration  damage)  by 
decreasing  the  degree  of  interaction,  either  initially  (in  the  first  case)  or  downstream  (in 
the  second  case).  In  Figure  1,  the  two  damage-trend  lines  begin  to  converge  for  small 
values  of  the  impact  parameter,  which  suggests  a  more  "singular”  form  of  damage  in 
this  region.  A  large  increase  in  the  distance  between  impacting  fragments  or  in  the 
"local”  density  (caused  by  a  more  heterogeneous  target  structure  for  which  an  averaging 
of  density  variations  has  less  significance)  would  cause  a  shift  of  the  impact  parameter 
towards  smaller  values. 
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In  summary,  the  boundaries  separating  these  two  kinds  of  distributed  loading 
conditions  are  not  well  defined.  In  addition,  the  boundaries  separating  interactive 
impact  conditions  (involving  additive  or  synergistic  effects)  from  noninteractive  ones 
are  not  well  established.  As  a  consequence,  two  sets  of  small-scale  experiments  were 
proposed  to  help  define  these  boundaries.  The  results  of  these  experiments  have  helped 
define  the  penetration  trends  shown  in  Figure  1.  However,  the  rationale  behind  these 
particular  tests  were  not  discussed  at  that  time  nor  were  the  results  presented  in  any 
detail.  As  a  result,  and  because  of  the  importance  of  these  tests  in  establishing  fragment 
interaction  limits,  it  was  felt  that  a  more  extensive  discussion  of  them  was  warranted. 
The  present  report  summarizes  these  efforts. 


IMPACT  PARAMETER  VARIATIONAL  EXPERIMENTS 


The  first  type  of  experiment  was  designed  to  investigate  the  change  in  damage 
resulting  from  a  change  in  the  size  of  the  initial  hit  pattern.  At  any  impact  velocity,  a 
substantial  spacing  between  impacting  fragments  results  in  each  penetrator  acting 
independently.  Additive  or  synergistic  effects  are  not  present  to  any  measurable  degree. 
Penetration  damage  in  this  case  consists  of  individual  craters  or  holes  in  the  target 
elements. 

As  the  hit  spacing  is  reduced,  interactive  effects  become  significant  and  result  in 
deeper  penetration  depths,  the  removal  of  additional  target  material  by  closely  impacting 
fragments,  and  at  high  speeds,  the  blast-like  rupture  of  interior  elements  of  the  target 
(Reference  1). 

A  series  of  fragment  beams  impacting  with  the  same  total  kinetic  energy,  but 
applied  over  different  areas,  on  a  standard  target  array  provides  a  means  of  studying  the 
transition  region  between  the  two  kinds  of  distributed  loading  conditions  that  have  been 
observed.  In  addition,  it  provides  a  way  to  study  the  transition  between  interactive  and 
noninteractive  impacts. 
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TARGET  PARAMETER  VARIATIONAL 
EXPERIMENTS 


The  second  type  of  experiment  consisted  of  scaling  up  the  size  of  the  target 
structure  along  the  impact  trajectory  while  holding  the  fragment  beam  parameters 
constant.  This  provided  a  simple  way  of  making  damage  comparisons  on  targets  with 
the  same  overall  average  density  but  with  internal  density  variations.  In  other  -'ords, 
two  structures  can  have  similar  average  densities  with  vastly  different  internal 
configurations  that  will  respond  quite  differently  to  the  same  applied  load.  Differences 
in  structural  response  should  be  reflected  by  changes  in  the  damage  mode  (i.e.,  from 
rupture  damage  in  thin  elements  to  gross  deformation,  penetration  damage,  and 
translational  (rigid  body)  motion  of  thicker  ones),  in  the  rate  of  energy  absorption 
within  the  structure,  and  in  the  characteristics  of  the  debris  cloud.  These  factors  can 
reflect  differences  in  the  amount,  particle  size,  and  distribution  of  secondary  target 
material  and  in  the  degree  of  breakup  and  distribution  of  the  primary  fragments. 


EXPERIMENTAL  PROCEDURES 


Fragment  beams,  consisting  of  60  1/16-inch  (1.59-mm)  diameter,  hard  steel 
spheres  (1  gram  total  mass)  were  launched  in  polycarbonate  fly-apart  sabots  from  a 
50-caliber,  smooth-bore  powder  gun.  The  launch  velocity  was  measured  at  the  muzzle 
of  the  gun  using  a  pair  of  photo  diodes  and  a  time-interval  counter.  A  thick  steel  plate 
with  a  center  hole  was  positioned  about  3  feet  downrange  from  the  muzzle  to  prevent 
the  sabot  pieces  from  impacting  the  target 

Fragment  velocities  at  the  target  were  measured  using  a  six-frame,  Beckman- 
Whitley,  Kerr  cell  camera  and  a  PEK  Labs  xenon  light  source.  These  were  coupled 
through  a  10-inch-diameter,  simple  condenser  lens  to  provide  shadowgraph 
photography. 

The  momentum  of  the  residual  debris  cloud  was  measured  with  a  ballistic 
pendulum  coupled  through  a  potentiometer  circuit  to  a  Hewlett  Packard  model  7034A 
x-y  recorder.  A  heavy  steel  plate  covered  with  layers  of  Celotex  was  mounted  to  the 
base  of  the  pendulum  to  trap  the  incoming  debris  and  impact  splash. 
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Target  elements  consisted  of  6-inch  squares  of  202^-T3  aluminum  sheet  material. 
These  were  weighed  individually  and  mounted,  at  uniform  intervals,  in  an  open  frame 
to  allow  for  photographic  observation.  Table  1  lists  the  basic  parameters  for  each 
experiment. 


TABLE  1 .  Test  Parameters. 


Test 

Target  parameters 

Fragment  beam  parameters 

Impact  parameters 

Element 

Element 

Element 

Impactor 

Impactor 

No.  of 

Ve- 

Hit 

Impact 

parameter 

material 

thickness, 

mm 

spacing, 

cm 

material 

diameter, 

mm 

impac¬ 

tors 

locity, 

km/s 

pattern, 
diam.,  cm 

variation 

2024-T3 

A1 

0.41 

1.90 

Hard  steel 
spheres 

1.59 

60 

2.2 

1. 6-7.9 

Target 

parameter 

2024-T3 

A1 

0.41 

1.90 

Hard  steel 
spheres 

1.59 

1.7 

3.6 

variation 

2024-T3 

A1 

0.81 

3.81 

Hard  steel 
spheres 

1.59 

1.7 

3.5 

2024-T3 

A1 

1.27 

5.72 

Hard  steel 
spheres 

1.59 

1.7 

3.6 

2024-T3 

At 

1.60 

7.62 

Hard  steel 
spheres 

1.59 

60 

1.7 

3.1 

2074-T3 

A1 

0.41 

1.90 

Hard  steel 
spheres 

1.59 

60 

2.2 

3.2 

2024-T3 

A1 

0.81 

3.81 

Hard  steel 
spheres 

1.59 

60 

2.2 

3.0 

2024-T3 

A1 

1.27 

5.72 

Hard  steel 
spheres 

1.59 

60 

2.2 

3.7 

2024-T3 

A1 

1.60 

7.62 

Hard  steel 
spheres 

1.59 

60 

2.2 

3.7 

DATA  REDUCTION  PROCESS 

After  each  test,  target  elements  were  removed  from  the  frame  and  reweighed  to 
determine  the  amount  of  material  that  was  removed  (or,  in  some  instances,  added  in  the 
form  of  aluminum  ablation  products).  Damaged  areas,  both  impacted  and  ruptured, 
were  measured  and  penetration  depths  established.  The  average  initial  spacing  between 
impactors  (i.e.,  initial  hit  spacing)  was  calculated  using  the  approach  described  in 
Reference  2. 

Two  different  penetration  depths  were  measured.  One  was  the  distance  to  the 
furthest  element  impacted  but  not  perforated  by  a  fragment.  The  second  was  the 
distance  over  which  the  fragment  beam  acted  as  a  unified  damage  agent.  Evidence  for 
collective  damage  was  taken  to  be  either  gross  rupturing  or  gross  deformation  of  an 
element.  For  most  of  the  tests,  the  minimum  number  for  producing  collective  damage 
was  approximately  10  fragment  impacts  on  an  element . 
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High-speed  photographs  were  used  to  estimate  the  average  speed  along  the  front  of 
the  advancing  debris  cloud  in  each  compartment  of  the  target.  Debris  momentum  values 
were  also  determined  in  each  compartment.  Repetitive  testing,  using  a  standard  target 
and  impact  system,  was  required  to  obtain  momentum  and  velocity  data  throughout  the 
target  structure. 


RESULTS 


IMPACT  PARAMETER  VARIATIONAL  EXPERIMENTS 

When  these  experiments  were  conducted,  it  was  felt  that  a  visual  inspection  of 
damaged  target  elements  and  simple  plate  measurements  (e.g.,  mass  loss 
measurements,  dimensions  of  damaged  regions,  and  penetration  depths)  would  be 
sufficient  for  estimating  the  interactive  penetration  limits.  Therefore,  velocity  and 
momentum  measurements  of  the  debris  clouds  were  not  made.  A  standard  target  array, 
positioned  0.6,  1.2,  1.8,  2.4,  or  3.0  meters  from  the  muzzle  of  the  gun,  was  impacted 
at  approximately  2.2  km/s  with  a  fragment  beam  containing  about  60  impactors 
(Table  1).  Figure  3  shows  post-impact  photographs  of  individual  plate  elements  from 
these  tests,  while  Table  2  contains  penetration  measurements  for  each  test.  Normalized 
"collective"  penetration  depths  ("invasion  depths")  are  also  plotted  in  Figure  1. 

Fragment  beam  invasion  depths  for  impacts  with  initial  hit  spacings  larger  than 
0.64  centimeter  (cm)  cluster  about  the  Mode  2  damage  trend  line  in  Figure  1,  while 
those  for  impacts  with  values  of  0.64  cm  or  less  cluster  about  the  Mode  1  line,  with  the 
exception  of  the  data  point  from  the  test  involving  the  smallest  (0.21  cm)  hit  spacing. 
(The  target  structure  for  this  particular  test  was  very  close  to  the  gun  muzzle,  which 
resulted  in  a  substantial  loss  of  impactors  as  the  outer  edge  of  the  fragment  beam  was 
also  stripped  off  by  the  sabot-stopping  plate.  For  this  reason,  the  data  point  was 
considered  to  be  less  reliable  than  the  others  and  is  not  shown  in  Figure  1,  although  it  is 
still  included  in  Table  2.  Similar  problems  had  been  experienced  in  other  tests  when 
launching  fragment  beams  containing  large  numbers  (180  to  240)  of  impactors.) 

These  results  indicate  that  a  change  from  one  damage  mode  (Mode  2)  to  another 
(Mode  1)  can  be  affected  by  merely  decreasing  the  average  hit  spacing  of  the  impactors. 
The  absence  of  any  other  trends  in  the  data  also  suggests  that  there  may  not  be  any 
sharp  distinction  between  Mode  2  damage  and  noninteractive,  independent  impacts. 
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FIGURE  3.  Photographs  of  Target  Element  Damage  for  Different  Fragment  Hit  Spacings. 
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TABLE  2.  Penetration  Data  From  Impact  Parameter  Variational  Experiments. 


Initial  impact  ' 

(hit)  pattern,  cm 

Penetration  depth, 
cm 

Overall 

Fragment 

Fragment 

Aluminum 

diameter 

spacing 

beam* 

1.6 

30.5 

24.8 

3.2 

■ 

22.9 

17.1 

4.4 

0.57 

24.8 

13.3 

0.64 

21.0 

9.5 

6.2 

0.80 

21.0 

17.1 

13.3 

7.4 

0.96 

24.8 

17.1 

13.3 

7.5 

0.97 

26.7 

15.2 

13.3 

7.9 

1.02 

19.0 

15.2 

9.5 

^"Collective"  invasion  depth  for  approximately  10  impactors. 


Figure  4  compares  impact  pattern  profiles  throughout  the  targets  for  different 
average  initial  hit  spacings.  In  general,  for  identical  target  structures,  an  increase  in  the 
average  initial  hit  spacing  tends  to  increase  the  size  of  the  impact  patterns  on  the  rest  of 
the  elements  in  the  target  (except  for  some  extremely  dense  impact  patterns  that 
penetrate  to  much  greater  depths,  as  shown  for  the  0.21 -cm  hit-spacing  test  in 
Figure  4). 

Within  the  range  of  hit  spacings  where  rupture  damage  occurs  to  the  target,  there 
should  be  a  region  where  an  increase  in  the  hit  spacing  increases  the  size  of  the  ruptured 
area  in  elements  close  to  the  front  of  the  target.  (In  this  case,  the  ruptured  area  refers  to 
a  zone  of  large-scale  petaling  damage  caused  by  a  blast-like  loading  condition.  Material 
in  this  zone  typically  peels  back  or  tears  off  in  large  chunks.)  Figure  5  compares 
rupture  damage  profiles  for  hit  spacings  of  0.21,  0.41,  0.57,  and  0.80  cm.  As  the  hit 
spacing  is  increased  from  0.21  to  0.57  cm,  the  size  of  the  ruptured  zone  increases  for 
the  third,  fourth,  and  fifth  elements  of  the  target.  For  the  fourth  element,  the  size  also 
continues  to  increase  as  the  hit  spacing  is  increased  to  0.80  cm.  However,  the 
maximum  rupture  diameter  within  the  target  appears  to  remain  about  the  same  over  this 
range  of  hit  spacings. 

If  the  ruptured  zone  is  redefined  to  include  the  tear  fractures  around  the  periphery 
of  the  opening,  its  maximum  diameter  increases  slightly  with  an  increase  in  hit  spacing 
from  0.21  to  0.80  cm  (Figure  6).  However,  if  the  hit  spacing  is  increased  to  0.97  cm, 
rupture  damage  abruptly  ceases  and  each  impactor  begins  to  act  more  independently. 
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FIGURE  5.  A  Comparison  of  Rupiurc  Diameter  Profiles  for  Different 
Fragment  HU  Spacings. 
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FIGURE  6.  A.  Comparison  of  Revised  Rupture  Diameter  Profiles  for 
Different  Fragment  Hit  Spacings. 


Along  with  increasing  the  size  of  the  ruptured  zone  in  elements  close  to  the  front  of 
the  target,  increasing  the  hit  spacing  causes  the  position  of  maximum  rupture  to  shift 
one  or  two  elements  toward  the  front.  It  also  results  in  a  decrease  in  the  number  of 
elements  that  rupture  (Figures  5  and  6). 

The  maximum  mass  loss  for  individual  elements  increases  slightly  as  the  hit 
spacing  is  raised  from  0.21  to  0.57  cm,  but  then  begins  to  drop  off  as  the  hit  spacing  is 
raised  further  and  the  amount  of  rupture  damage  diminishes  (Figure  7).  The  total 
amount  of  material  removed  from  each  target  varies  inversely  with  hit  spacing 
(Figure  8). 

Aluminum  ablation  products  were  found  on  impacted  elements  in  all  of  the  targets 
tested.  The  furthest  depth  in  the  target  that  these  products  were  found  remained  about 
the  same  for  impacts  with  hit  spacings  of  0.57  cm  or  greater,  but  increased  for  impacts 
with  smaller  hit  spacings  (Table  2). 
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Summary 

The  major  results  of  this  particular  set  of  experiments  can  be  summarized  as 
follows: 

1 .  Impacts  at  2.2  km/s  with  average  initial  hit  spacings  of  0.64  cm  or  less  follow 
the  Mode  1  damage  trend  line,  while  impacts  with  larger  hit  spacings  follow  the 
Mode  2  damage  trend  line.  These  results  generally  agree  with  the  results  of  some 
recent  scaling  experiments  involving  high-speed  impacts  of  plate  array  targets  by 
multiple  fragment  systems  (Reference  4). 

2.  From  an  inspection  of  the  penetration  data  in  Table  2  and  damage  profiles  in 
Figures  4  through  8,  it  appears  that  the  transition  from  Mode  1  to  Mode  2  is  not 
characterized  by  an  abrupt  change  in  either  the  amount  or  type  of  damage,  but  by  a 
gradual  change.  For  example,  impacts  with  initial  hit  spacings  of  0.57  and  0.80  cm 
show  qualitatively  similar  damage  profiles.  However,  the  first  one  follows  the  Mode  1 
damage  trend  line  while  the  second  follows  the  Mode  2  damage  trend  line.  This 
observation  agrees  with  the  results  describe  ^  in  Reference  4. 

3.  A  visual  assessment  of  target  damage  does  not  appear  to  provide  conclusive 
evidence  for  a  particular  damage  mode. 


TARGET  PARAMETER  VARIATIONAL  EXPERIMENTS 

In  this  set  of  experiments,  standard  fragment  beams  containing  approximately  60 
impactors  (Table  1)  were  impacted  at  1.7  or  2.2  km/s  against  plate-array  targets  with 
the  same  overall  density  but  with  different  plate  element  thicknesses  (i.e.,  targets  were 
scaled  up  in  size  along  the  flight  line  of  the  fragment  beam).  A  single  target  consisted  of 
an  open  frame  containing  0.016-  ,  0.032-,  0.050-,  or  0.063-inch-thick  (0.4-,  0.8-, 
1.3-,  or  1.6-mm-thick)  aluminum  plates  spaced  0.75,  1.5,  2.25  or  3.0  inches  (1.9, 
3.8,  5.7,  or  7.6  cm)  apart,  respectively.  Targets  were  positioned  approximately 
1.2  meters  from  the  muzzle  of  the  gun,  resulting  in  an  average  initial  hit  spacing  of 
about  0.44  cm  at  both  impact  velocities.  High-speed  photography,  a  ballistic 
pendulum,  and  witness  plates  were  all  used  to  examine  the  debris  cloud  within  the 
target,  while  target  element  damage  was  assessed  visually  and  measured  as  before. 
Figure  9  contains  photographs  of  impacted  plate  elements,  and  Table  3  lists 
penetration  data  from  the  tests. 


17 


NWC  TP  6675 


Intermediate  Impact  Velocity  (1.7  km/s) 

Figure  10  compares  average  speeds  at  the  front  of  the  debris  cloud  within  the  four 
target  configurations  impacted  at  1.7  km/s.  Two  curves  are  necessary  to  adequately 
represent  the  data.  One  curve  fits  the  data  from  the  three  targets  with  the  thickest  (0.8, 
1.3,  and  1.6  mm)  elements.  However,  a  separate  curve  is  required  for  the  data  from 
the  target  with  the  thinnest  (0.4  mm)  elements  because  of  a  more  rapid  velocity  drop 
for  the  debris  cloud  in  this  situation.  The  reason  for  this  larger  velocity  drop  is  not 
readily  apparent,  although  an  increase  in  the  breakup  rate  of  the  primary  fragments  or  in 
the  amount  of  fracturing  of  target  elements  would  increase  the  rate  of  energy  transfer  to 
the  target 

Debris  cloud  momentum  trends  for  the  four  target  configurations  are  sufficiently 
different  to  require  separate  curves  (Figure  1 1).  Curves  fitting  the  data  from  the  two 
targets  with  the  thinnest  elements  have  the  typical  rounded  appearance  seen  at  the  higher 
impact  speeds,  while  that  for  the  target  with  the  thickest  elements  has  a  shape  similar  to 
the  corresponding  velocity  profile,  which  is  more  typical  of  lower-speed  impacts.  The 
curve  for  the  target  configuration  with  1.3-mm-thick  elements  contains  some  features  of 
both  kinds  of  curves. 

The  size  of  the  impact  patterns  on  elements  within  the  target  tends  to  increase  with 
the  thickness  of  the  elements  (Figure  12).  This  increase  is  most  likely  due  to  the 
increase  in  distance  between  the  elements,  which  allows  the  debris  cloud  to  expand 
more  laterally  before  impact. 

The  shapes  of  the  impact  pattern  profiles  also  begin  to  change  as  the  element 
thickness  is  reduced.  For  the  target  with  the  thickest  elements,  the  shape  is  a  slightly 
rounded  one.  But  as  the  element  thickness  is  reduced,  the  mid  portion  of  the  curve 
becomes  flattened;  the  tail  end  either  rises  slightly  before  its  final  descent  or  drops 
sharply  and  then  rises  again  for  a  short  distance  before  finally  dropping.  Differences  in 
the  degree  of  fragment  shatter  may  account  for  some  of  the  differences  in  the  shapes.  In 
other  tests,  impact  pattern  profiles  changed  shape  as  the  impact  velocity  was  increased 
from  1.5  to  1.8  km/s  due  to  the  onset  of  fragment  shatter  (Reference  1). 

Rupture  damage  is  a  major  damage  mode  in  the  two  targets  with  the  thinnest 
elements  (Figure  13).  However,  it  is  not  significant  in  the  other  two  targets  where 
individual  perforations  and  large  deformations  of  the  elements  are  the  major  damage 
forms.  The  gross  deformation  of  thicker  target  members  is  considered  to  be  a  result  of 
distributed  loading. 
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TABLE  3.  Penetration  Data  From  Target  Parameter  Variational  Experiments. 


Target 

Impact 

Penetration 

parameters 

depth,  cm 

Element 

thickness, 

mm 

Element 

spacing, 

cm 

Velocity, 

km/s 

Hit 

pattern, 
diam.,  cm 

Single 

fragment 

Fragment 

beam0 

Aluminum 

deposit 

0.41 

1.90 

1.7 

3.6 

26.7 

19.0 

— 

0.81 

3.81 

1.7 

3.5 

34.3 

30.5 

— 

1.27 

5.72 

1.7 

3.6 

28.6 

22.9 

— 

1.60 

7.62 

1.7 

3.1 

30.5 

22.9-30.5 

— 

0.41 

1.90 

2.2 

3.2 

22.9 

17.1 

17.1 

0.81 

3.81 

2.2 

3.0 

26.7-34.3 

22.9 

19.0 

1.27 

5.72 

2.2 

3.7 

22.9 

17.1 

11.4 

1.60 

7.62 

2.2 

3.7 

22.9 

15.2 

— 

^"Collective"  invasion  depth  for  approximately  10  impactors. 


O  0.4  mm  ELEMENT  THICKNESS 


A  0.8  mm  ELEMENT  THICKNESS 
D  1.3  mm  ELEMENT  THICKNESS 


FIGURE  10.  A  Comparison  of  Debris  Velocity  Profiles  for  Different 
Target  Sizes  (1.7  km/s  Initial  Velocity). 
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O  0,4  mm  ELEMENT  THICKNESS 
A  0,8  mm  ELEMENT  THICKNESS 
□  1.3  mm  ELEMENT  THICKNESS 


FIGURE  1 1.  A  Comparison  of  Debris  Momentum  Profiles  for  Different 
Target  Sizes  (1.7  km/s  Initial  Velocity). 


O  0.4  mm  ELEMENT  THICKNESS 
A  o.e  mm  ELEMENT  THICKNESS 
□  1.3  mm  ELEMENT  THICKNESS 


FIGURE  12.  A  Comparison  of  Normalized  Impact  Diamcte>  Profiles  for 
Different  Target  Sizes  (1.7  km/s  Initial  Velocity). 
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FIGURE  13.  A  Comparison  of  Normalized  Rupuire  Diameter 
Profiles  for  Different  Target  Sizes  (1.7  km/s  Initial  Velocity). 


Target  mass-loss  profiles  are  shown  in  Figure  14.  The  shape  of  the  curve  reflects 
the  primary  damage  mode.  Targets  that  suffer  rupture  damage  show  a  maximum  loss 
n  :ar  the  center,  targets  that  show  little  or  no  rupture  damage  lose  the  most  mass  on  the 
first  element,  with  continuously  declining  values  seen  on  elements  further  into  the 
target. 

The  total  mass  loss  experienced  by  the  target  ij>  shown  in  Figure  15.  The  amount 
of  mass  loss  appears  to  be  roughly  proportionate  to  the  amount  of  rupture  damage 
suffered  by  the  target. 

As  seen  in  Figure  1,  invasion  depths  for  the  three  targets  with  the  thicker  elements 
follow  the  Mode  2  damage  trend  line,  while  invasion  depths  from  the  target  with  the 
thinnest  elements  fall  midway  between  the  Mode  1  and  Mode  2  damage  trend  lines. 
Whether  the  position  of  this  latter  point  is  the  result  of  normal  data  scatter  or  a  change  in 
the  damage  mode  was  not  established. 
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FIGURE  14.  A  Comparison  of  Mass  Loss  Profiles  for  Different  Target 
Sizes  (1.7  km/s  Initial  Velocity). 


0  04  08  12  16  20 

ELEMENT  THICKNESS,  mm 

FIGURE  15.  Total  Mass  Loss  as  a  Function  of  Target  Size 
(1.7  km/s  Initial  Velocity). 
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Summary 

The  primary  results  from  impacts  at  1.7  km/s  can  be  summarized  as  follows: 

It  appears  that  neither  the  presence  of  blast-like  rupture  damage  or  gross 
deformation  of  target  elements,  or  a  rounded  debris  cloud  momentum  profile  (all  of 
which  are  characteristic  of  Mode  1  damage)  provides  conclusive  evidence  of  this 
damage  mode.  Many  of  the  targets  that  suffer  Mode  2  damage  (as  determined  by 
invasion  depth  measurements)  also  show  these  same  characteristics. 

High  Impact  Velocity  (2.2  km/s) 

Residual  fragment  debris  velocities  for  this  impact  condition  can  be  represented  by 
a  single  curve  (Figure  16).  Although  the  amount  of  scatter  is  quite  large  if  all  of  the 
data  are  fitted  by  a  single  curve,  there  are  no  pronounced  trends,  except  perhaps  near 
the  terminal  portions,  that  could  be  accounted  for  by  element  thickness  differences  as 
observed  at  the  lower  velocity. 


FIGURE  16.  A  Comparison  of  Debris  Velocity  Profiles  for 
Different  Target  Sizes  (2.2  km/s  Initial  Velocity). 
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The  residual  debris  momentum  data,  as  with  the  velocity  data,  can  be  fitted  to  a 
single  curve  (Figure  17).  A  rounded  shape,  characteristic  of  high-speed  debris 
momentum  trends,  provides  the  best  fit  for  these  data.  Again,  the  amount  of  scatter  in 
the  data  is  quite  large;  however,  no  significant  correlation  was  found  between  the  data 
and  the  thickness  of  the  target  elements.  At  first  glance,  a  comparison  of  average 
momentum  values  for  targets  containing  0.4-  and  1.6-mm-thick  elements  (the  two 
thickness  extremes)  shows  some  differences  near  the  tail  end  of  the  penetration  path. 
However,  repetitive  tests  at  these  locations  resulted  in  such  large  variations  in  the  data 
that  the  average  momentum  values  from  the  two  target  conditions  actually  overlapped. 
At  this  time,  the  amount  of  data  in  locations  where  overlap  occurs  is  probably 
insufficient  to  separate  the  results  from  the  two  sets  of  tests. 


FIGURE  17.  A  Comparison  of  Debris  Momentum  Profiles  for 
Different  Target  Sizes  (2.2  Km/s  Initial  Velocity). 


Figure  18  shows  a  comparison  of  impact  diameters  on  the  various  target  elements. 
In  contrast  to  the  variety  of  shapes  seen  at  the  lower  impact  velocity,  these  all  have 
similar,  smoothly  rounded  shapes.  Those  within  the  target  increase  with  element 
thickness,  in  agreement  with  the  results  at  the  lower  velocity. 
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O  0.4  mm  ELEMENT  THICKNESS 
□  1.3  mm  ELEMENT  THICKNESS 


FIGURE  18.  A  Comparison  of  Normalized  Impact  Diameter  Profiles  for 
Different  Target  Sizes  (2.2  Km/s  Initial  Velocity). 


All  of  the  targets  impacted  at  the  higher  velocity  show  some  rupture  damage 
(Figure  19),  in  contrast  to  those  impacted  at  the  lower  velocity,  where  only  the  ones 
containing  the  thinner  elements  ruptured.  Maximum  rupture  occurs  at  roughly  the  same 
location  in  all  of  the  targets. 

Maximum  mass  loss  in  all  of  the  targets  occurs  at  approximately  the  same  location 
(shown  in  Figure  20),  which  is  also  roughly  the  position  for  maximum  rupture.  Total 
mass  loss  (Figure  21)  appears  to  increase  slightly  with  element  thickness,  in  contrast  to 
the  results  at  the  lower  speed  where  the  total  mass  loss  varied  inversely  with  the 
thickness  of  the  element. 

Measured  invasion  depths  in  the  targets  employing  0.8-,  1.3-,  and  1.6-mm-thick 
elements  all  lie  essentially  on  the  Mode  1  damage  line,  while  the  depth  measured  in  the 
target  with  the  0.4-mm  elements  lies  slightly  to  the  right  of  this  line  (Figure  1).  These 
results  are  consistent  with  the  results  obtained  from  other  experiments,  with  similar  hit 
spacing  values,  at  this  impact  speed  (References  2  and  4). 
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FIGURE  19.  A  Comparison  of  Normalized  Rupture  Diameter  Profiles  for 
Different  Target  Sizes  (2.2  km/s  Initial  Velocity). 


FIGURE  20.  A  Comparison  of  Mass  Loss  Profiles  for  Different  Target 
Sizes  (2.2  km/s  Initial  Velocity). 
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ELEMENT  THICKNESS,  mm 


FIGURE  21.  Total  Mass  Loss  as  a  Function  of  Target  Size 
(2.2  km/s  Initial  Velocity). 


Summary 

The  important  results  from  tests  at  2.2  km/s  impact  speed  can  be  summarized  as 
follows: 

1 .  It  appears  that  a  sufficiently  high-impact  speed  is  a  requirement  for  Mode  1 
damage.  So  far,  all  of  the  tests  conducted  at  impact  speeds  of  1.8  km/s  or  less  have 
resulted  in  Mode  2  damage,  while  those  at  2.2  km/s  have  produced  Mode  1  damage, 
with  the  exception  of  those  with  large  initial  hit  spacing  distances  (Reference  4). 
Higher  impact  velocities  result  in  an  increase  in  the  amount  of  target  material  entrained 
in  the  debris  cloud,  along  with  an  increase  in  the  degree  of  breakup  of  both  the  primary 
fragments  and  secondary  target  material.  A  high  degree  of  fragment  shatter  and/or  a 
large  amount  of  finely  divided  target  material  in  the  debris  cloud  may  be  necessary'  for 
Mode  1  damage;  this  would  be  in  agreement  with  the  results  described  in  Reference  4. 
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FRAGMENT  BEAM  BREAKUP  COMPARISON 

Size  distributions  from  the  breakup  of  primary  fragment  beam  material  were 
determined  at  two  different  locations  within  targets  employing  the  thickest  (1.6  mm) 
and  thinnest  (0.4  mm)  elements.  For  the  target  with  the  thick  elements,  sampling  took 
place  between  the  first  and  second  elements  and  between  the  second  and  third  elements. 
For  the  target  with  the  thin  elements,  sampling  took  place  between  the  fourth  and  fifth 
elements  and  between  the  eighth  and  ninth  elements.  At  these  two  locations,  the 
fragment  beam  would  have  penetrated  the  same  total  thickness  of  aluminum  in  both 
targets. 

For  these  tests,  target  material  beyond  these  locations  was  removed  and  replaced 
with  a  thin,  aluminum  witness  plate  positioned  0.7  meter  beyond  the  element  being 
sampled.  At  this  distance,  the  debris  cloud  was  sufficiently  dispersed  so  that  impacts  of 
individual  fragments  could  be  identified  on  the  witness  plate. 

Witness  plate  thickness  was  adjusted  so  that  the  bulk  of  the  primary  fragments, 
initially  launched  at  2.2  km/s,  would  perforate  the  plate  while  the  aluminum  target 
fragments  would  embed.  Initial  tests  used  a  0.050-inch-thick  witness  plate.  A  post¬ 
impact  inspection  of  its  surface  showed  that  too  many  of  the  primary  fragments, 
although  broken,  had  embedded  rather  than  perforated. 

The  remainder  of  the  tests  were  performed  with  0.020-inch-thick  witness  plates. 
However,  even  with  this  thickness  the  smallest  primary  fragments  still  embedded  in  the 
witness  plate.  Therefore  the  impacts  were  sorted  into  three  groups  having  different 
degrees  of  reliability.  All  perforations  were  considered  to  be  the  result  of  primary 
fragments  and  were  grouped  together.  All  embedments  containing  what  appeared  to  be 
primary  fragments  were  grouped  in  a  separate  category  with  a  lower  degree  of 
reliability.  The  third  category,  with  the  lowest  degree  of  reliability,  contained  craters 
with  no  embedded  fragments.  These  were  sorted  into  two  additional  groups  depending 
on  their  shapes.  The  primary  fragments,  because  of  their  hardness,  tended  to  break  up 
into  irregularly  shaped  pieces  that  made  similarly  shaped  craters  in  the  softer,  lighter 
aluminum.  Aluminum  fragments,  regardless  of  initial  shape,  tended  to  deform  and 
break  up  upon  impact  with  the  witness  plate,  leaving  fairly  smooth,  broad,  shallow 
craters  with  occasional  streaks  of  metallic  or  oxidized  aluminum  around  the  edges. 

Witness  plates  were  divided  into  four  segments  about  the  center  of  impact  and 
were  analyzed  separately.  The  number  of  segments  analyzed  depended  on  whether  the 
hit  pattern  on  those  segments  was  judged  to  be  representative  of  the  impact  pattern  on 
the  entire  plate.  Average  hole  and  crater  dimensions  were  measured  using  a  reticle  and 
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low-power  microscope.  Figures  22  through  25  display  the  results  of  these 
measurements. 

An  inspection  of  Figures  22  through  25  shows  that  the  breakup  rate  of  the  primary' 
fragments  was  higher  in  the  target  containing  more  numerous  but  thinner  elements. 
Approximately  10  times  as  many  tiny  particles  (below  15-  to  19-mm  diameter)  were 
counted  at  the  first  sample  location  and  about  2-1/3  times  as  many  at  the  second.  This 
result  infers  that  the  breakup  rate  of  the  primary  fragments  is  proportional  to  the  number 
of  impacts  suffered  while  traversing  a  given  total  thickness  of  target  material. 

Sintered  tungsten  cubes,  impacting  steel  and  aluminum  plates,  show  a  change  in 
failure  mode  as  the  thickness  of  the  target  plate  is  increased  (Reference  5  and  data  on 
tungsten  fragment  penetration  gathered  by  S.  A.  Finnegan  and  M.  E.  Backman  in 
August  1985  at  NWC).  Against  thin  targets,  the  cube  fails,  relatively  undeformed  by 
tensile  processes.  As  the  target  thickness  is  increased,  however,  the  cube  begins  to 
deform  along  the  contact  surface  and  eventually  fails  in  this  region  by  shear  processes. 
Against  sufficiently  thick  targets,  the  cube  deforms  extensively  (or  "mushrooms"), 
responding  like  a  very  ductile  material. 


Summary 

The  results  of  this  set  of  experiments  can  be  summarized  as  follows: 

1 .  The  breakup  rate  of  the  fragment  beam  increases  inversely  with  the  thickness 
of  the  target  elements.  It  is  unclear  whether  this  increase  is  due  to  an  increasing 
"brittleness"  for  impacts  against  very  thin  target  members  (which  is  probably  due  to  the 
brevity  of  the  stress  wave),  or  to  stress-wave  interference  effects  because  of  the  large 
number  of  collisions  that  the  impactors  experience  in  this  situation,  or  to  some 
combination  of  the  two  effects  (or  to  other  effects). 

2.  Because  of  the  increase  in  the  breakup  rate,  fragment  beam  impacts  against 
targets  composed  of  a  multitude  of  thin  members  should  result  in  a  more  rapid  rate  of 
energy  transfer  to  the  target. 


31 


NUMBER  OF  FRAGMENTS 


NWC  TP  6675 


TARGET  FOUR  0  4  mm  2024-T3  Al  PLATES. 

1  9  cm  SPACING 

PROJECTILE  SIXTY  1  59  mm  HARD  STEEL  SPHERES 
IMPACT  SPEED  2  2  km/s 


,v/  ^ 


□  PERFORATIONS 

□  CRATERS  WITH  STEEL  FRAGMENT  INSIDE 
CRATERS  WITHOUT  RESIDUAL  FRAGMENT 
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CRATER  OR  HOLE  DIAMETER,  mm 


FIGURE  22.  Size  Distribution  of  Primary  Fragments  at  the  First  Sample 
Location  in  the  Smaller  Target. 
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1000  -I 


TARGET: 
PROJECTILE 
IMPACT  SPEED: 


ONE  1  6  mm  2024-T3  Al  PLATE 
SIXTY  1.59  mm  HARD  STEEL  SPHERES 
2.2  km/s 
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FIGURE  23.  Size  Distribution  of  Primary  Fragments  at  the  First  Sample 
Location  in  the  Larger  Target. 
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CRATER  OR  HOLE  DIAMETER,  mm 

FIGURE  24.  Size  Distribution  of  Primary  Fragments  at  the  Second  Sample 
Location  in  the  Smaller  Target. 
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TARGET  TWO  16  mm  2024-T3  Al  PLATES, 

7  6  cm  SPACING 

PROJECTILE  SIXTY  1  59  mm  HARD  STEEL  SPHERES 
IMPACT  SPEED:  2,2  km/s 

[T]  PERFORATIONS 

□  CRATERS  WITH  STEEL  FRAGMENTS  INSIDE 
E3  CRATERS  WITHOUT  RESIDUAL  FRAGMENT 


0.4  0.8  1.2 

CRATER  OR  HOLE  DIAMETER,  mm 


FIGURE  25.  Si7.e  Distribution  of  Primary  Fragments  at  the  Second  Sample 
Location  in  the  Larger  Target. 
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